CzrA is a zinc-dependent transcriptional repressor from the ubiquitous ArsR family of metal sensor proteins. Zn(II) binds to a pair of intersubunit C-terminal ␣5-sensing sites, some 15 Å distant from the DNA-binding interface, and allosterically inhibits DNA binding. This regulation is characterized by a large allosteric coupling free energy (⌬Gc) of approximately ؉6 kcal mol ؊1 , the molecular origin of which is poorly understood. Here, we report the solution quaternary structure of homodimeric CzrA bound to a palindromic 28-bp czr operator, a structure that provides an opportunity to compare the two allosteric ''end'' states of an ArsR family sensor. Zn ( 
M
etal ion homeostasis is a complex process that involves maintaining a delicate balance between metal uptake/ efflux and other metal storage systems to meet the needs of the cell (1, 2) . This process is tightly regulated at the level of transcription by means of specific metal-dependent transcriptional regulators that respond to changes in metal ion concentrations in the host environment (3) . In Staphylococcus aureus, the czr operon encodes a CDF antiporter, CzrB, a homolog of Escherichia coli zinc transporter YiiP that confers resistance to Zn(II) and Co(II) (4, 5) , and the metal-regulated repressor, CzrA (6, 7) . CzrA binds Zn(II) with picomolar affinity and strong negative homotropic cooperativity (8, 9) and is thought to undergo a conformational change that alleviates transcriptional repression of the resistance gene czrB.
CzrA belongs to the ubiquitous ArsR (or ArsR/SmtB) family of metalloregulators found in many bacterial genomes that sense a wide variety of metals including biologically essential metals as well as toxic metal pollutants (10, 11) . Members of this family appear to adopt a common winged helix-turn-helix homodimeric fold, but have evolved physically and structurally distinct pairs of allosteric metal-sensing sites (2, 12) . These sites are thought to have arisen as a result of convergent evolution due to evolutionary pressures (12) , a finding consistent with the ''rule of varied allosteric control'' in which protein families evolve seemingly random allosteric control pathways (13) . CzrA and its homolog SmtB in Synechococcus (14) are ␣5 sensors that bind Zn(II) ions in two rotationally symmetric tetrahedral coordination sites formed by pairs of metal ligands derived from the ␣5 helix of each subunit (8) . The crystal structure of CzrA and SmtB in the apo and the Zn(II)-bound states have been solved (8) . Although the structures of CzrA were found to be very similar in these two states, SmtB revealed measurable differences in quaternary structure in which the apo form adopted a comparatively ''flat'' conformation not well suited to interact with canonical B-form DNA (8, 15) . The structural and thermodynamic underpinnings of metalloregulation for any member of the ubiquitous ArsR family remains poorly understood due to a lack of detailed insight for the DNA operator-bound state (3) .
We report here the NMR solution structure of CzrA in its DNA operator-bound state, a 42-kDa complex. The quaternary structure of CzrA in the DNA-bound state reveals that metal binding drives a ''closed-to-open'' conformational change. In addition, dynamics measurements suggest that DNA binding induces long-range disorder in the allosteric metal sites due in part to a less well-packed ␣5 helical interface; in contrast, Zn(II) binding globally quenches backbone motions well into the DNAbinding surface. These findings provide insights into allosteric metalloregulation in CzrA, as well as a better understanding of metal induced allosteric control of DNA binding by other metal sensors from the ubiquitous ArsR family.
Results
CzrA Binds a 28-bp DNA from the czr O/P Region. Comparison of a series of 1 H-15 N HSQC NMR spectra with several duplex DNAs ranging in length from 22-41 bp and containing the conserved core sequence (5Ј-TGAAxxxxxxTTCA) revealed that a 2-fold symmetric 28-bp operator fragment represented the minimal high-affinity CzrA DNA-binding unit. Fluorescence anisotropy experiments confirm these findings and reveal a 1:1 (dimer:DNA) stoichiometry and an affinity (K a ) of 6.8 ϫ 10 10 M Ϫ1 (Table 1) , a finding consistent with previous studies (9) .
Quaternary Structure of DNA-Bound CzrA. The molecular weight of the CzrA-DNA complex (ϳ42 kDa) required a highly perdeuterated CzrA sample to solve the solution structure of DNAbound CzrA. To do this, we used a well-established approach in which the only nonexchangeable protons in the molecule derive from the methyl groups of Val, Leu, and Ile residues (16) (17) (18) (19) .
Since we were concerned with detecting what could be small changes in CzrA quaternary structure upon ligand binding, we first determined the solution structure of the Zn(II)-bound CzrA homodimer and compared that with the crystal structure (8) . A superposition of the 20 lowest-energy structures (Fig. S1A ) reveals excellent statistics (Table S1 ) and an overall fold similar to that of crystal structure (Fig. S1A) . Interestingly, the solution structure of the dimer is slightly more open than in the crystal structure, with a global backbone r.m.s. difference between the two of 2.05 Å (Fig. S1B ), a result consistent with a statistical analysis of the long-range orientational restraints ( 1 D NH ) (Fig.  S1C ).
Fig . 1A shows the backbone superposition of 20 lowest-energy structures along with the ribbon diagram of the mean structure of DNA-bound CzrA calculated on the basis of experimental constraints (Table S2 and Fig. S1D) . A ribbon representation of the global superposition of DNA-bound CzrA and the crystal structure of Zn(II) CzrA is shown in Fig. 1B . DNA-bound CzrA retains the overall architecture of CzrA, which adopts a winged helix-turn-helix fold. However, the quaternary structure of DNA bound CzrA differs dramatically from Zn(II) CzrA. In comparing the two states, the entire wing domain including the recognition head undergoes a pendulum-like motion, involving a significant rotation and translation of one protomer relative to the other. This results in a detectably poorer interprotomer packing of the C-terminal allosteric ␣5 helices distal to the DNA-binding site, resulting in an overall ''closed'' conformation (defined by the ␣R-␣R' interprotomer distance) that enables the reading head ␣-helices (␣R) to interact with the major groove of the DNA. Binding of Zn(II) to the pair of symmetry-related ␣5 sites (Fig. 1C) drives the pendulum in the opposite direction to a more ''open'' conformation that reestablishes the tight packing of the ␣1-␣5 core of the dimer, which in turn, likely leads to the loss of specific major groove interactions (see below).
Comparison of DNA-and Zn(II)-Bound States with Apo-CzrA. Although the crystallographic structures of apo-and Zn(II) CzrAs are virtually identical to one another (8) , the degree to which apo-CzrA differs from Zn(II) CzrA in solution is unknown. The structure of apo SmtB, a homologous ␣5 metal sensor, shows a more ''open'' quaternary structure that is characterized by a longer ␣R-␣R' interprotomer distance than in Zn(II) SmtB or Zn(II) CzrA ( Fig. 2A) . A chemical shift perturbation map (Fig.  2B ) reveals that the binding of DNA drives a global perturbation of the quaternary structure in apo-CzrA, with these changes not limited to the ␣R reading heads and the ␤-wing region, but instead extending to the distal metal binding sites in the ␣5 helix; this result is consistent with the structure (Fig. 1) . In contrast, the magnitude of the chemical shift changes upon Zn(II) binding are quantitatively smaller and localized to the ␣5 helix and the C-terminal region of the ␣R helix, the latter mediated by a proposed intersubunit hydrogen-bonding pathway critical for allosteric coupling (8, 9, 20) . This suggests that Zn(II) binding results in only a small change in the global structure of apo-CzrA and/or simply reduces the structural heterogeneity of the conformational ensemble in the absence of DNA (see below).
Induced Flexibility in the Allosteric Metal-Binding Sites in DNA-Bound
CzrA. Fast motion dynamics provides insights into conformational entropy and ultimately, the underlying energetics of allostery (21) (22) (23) . It was therefore of interest to compare the backbone dynamics of Zn 2 and DNA-bound forms of CzrA to a common reference state, apo-CzrA, in an effort to determine the degree to which dynamics ''fingerprints'' of these two states might differ from one another. We first compared these short time scale backbone dynamics of apo-CzrA vs. Zn 2 CzrA, focusing on the magnitude of the order parameter S 2 and the number of those residues characterized by non-zero R ex , that is, those residues potentially experiencing (s-ms) intermediate exchange line broadening (Fig. S2) . Although the pattern of S Measured using a fluorescence anisotropy-based assay like that shown in Fig. 4B using a fluorescein-labeled 28-bp CzrO DNA duplex (see Methods). The parameters reflect the results from two or three independent titrations fitted to a dimer-linkage model with K dimer fixed to the wild-type CzrA value of 1.7 ϫ 10 5 M Ϫ1 under these solution conditions (31) . *The numbers in parentheses are the standard error on the fitted r i value(s) around the last significant figure; if not shown, this number is Ͻ1. Conditions: 10 mM Hepes, 0.4 M NaCl, pH 7.0, 25.0 (Ϯ 0.1)°C (9, 31) . † Fixed to the value that reflects the ⌬r (0.018) from the wild-type CzrA titration because saturation was not obtained for these mutant CzrAs. Table S2 for structure statistics; unstructured residues 100 -103 of the bundle are not shown in this view for clarity). The ribbon diagram in the overlay represents the mean structure of the ensemble and the two subunits are shaded salmon and red. vs. residue number is very similar for these two forms of CzrA, the binding of Zn(II) detectably ''stiffens'' the backbone in the ␣5 metal binding sites, as expected, but also into the ␣R, and to a lesser degree, the ␣1 helices, as evidenced by a ⌬S 2 values (S 2 Zn -S 2 apo ) Ն0.02 (24) (Fig. 2C) . Zn(II) binding also effectively eliminates the conformational exchange broadening and residue-specific dynamic heterogeneity in apo-CzrA, much of which is localized to the ␣1 and ␣R helices, i.e., those regions destined to interact with the DNA (Fig. 2C and Fig. S2D ). In contrast, motional disorder of the ␤-hairpin appears complex in both apoand Zn 2 CzrA (Fig. 2C and Fig. S2D ). This situation contrasts sharply with that of DNA-bound CzrA. Fig. 3A shows { 1 H}- 15 N hNOE values for the DNA-bound CzrA. Amide bonds (NH) that are immobile over this time scale show NOE values greater than or equal to 0.8, whereas those NH bonds that experience internal motions in subnanosecond time scale show lower hNOE values. Two non-overlapping clusters of residues on opposite sides of the allosteric ␣5 helices in DNA-bound CzrA, for example, zinc ligands D84 and H86, and I95 and N99 are characterized by lower hNOE values, and a comparison to unbound apo-CzrA reveals that all experience enhanced disorder in the DNA-bound state (Fig. S3 A-C) . The amide protons of L68, in the linker between the ␣R helix and ␤1 strand, a proposed key allosteric residue (8) , and A88 and Q93 in the ␣5 helices are also conformationally exchanged broadened (Fig. S3D) . Additional evidence for this is a dramatic lack of sequential NOEs in the ␣5 helices (Fig. S4). A map of the H-D exchange rates on the structure of DNAbound CzrA reveals, as anticipated, a slowing of the exchange rates of structured elements that form part of the DNA-binding site, with the possible exception of the ␤-wing tip region (Fig.  3C) . In contrast, amide protons in the ␣5 helices in the allosteric ligand binding sites, for example, are comparatively less protected from solvent exchange relative to apo-CzrA (8) with k ex measurable for just one residue in this helix (A91) in the complex. These dynamics could strongly influence the shift in the native populations to the open or closed state (23) , and suggest that DNA binding is effectively communicated to the allosteric sites via long-range dynamic disorder and native-state destabilization (24) (25) (26) , likely as a consequence of a large structural change in this region of the molecule (Fig. 1) . The colors are ramped as follows: dark blue, hNOE Ն 0.8, light blue, 0.7 Յ hNOE Ͻ0.8; magenta, 0.6 Յ hNOE Ͻ0.7; red, 0.4 Յ hNOE Ͻ0.6; yellow, NOE Ͻ0.4. Gray shading, no information due to spectral overlap. (C) Mapping of the H-D exchange rates (as log k ex, h -1 ) on a ribbon diagram of DNA-bound CzrA. The colors are ramped as follows and correspond to roughly linear free energy increments: yellow, -0.2 Յ log k ex Ͻ 0.75; red, -0.9 Յ log k ex Ͻ -0.2; magenta, -1.6 Յ log kex Ͻ -0.9; light blue, -2.3 Յ log k ex Ͻ -1.6; dark blue, log kex Ͻ -2.3.
Key Determinants of
C-terminal region of the ␣1 helix, the N-terminal region of the ␣3 and ␣R helices, and the N-terminal region of the ␤2 strand (Fig. S5) . In particular, the NMR data suggest that the side chains of V42, the invariant N-terminal residue of the ␣3 helix, and Q53, the second residue in the ␣R helix interact directly with the DNA major groove (Fig. 4A) . A structure-based multiple sequence alignment of apo-CzrA with three MerR family proteins bound to their respective DNA operators (27) (28) (29) , was therefore used to identify other candidate DNA-binding residues in CzrA (Fig. S6) . This alignment makes the prediction that invariant residues S54, S57, and H58 in the N-terminal region of the ␣R helix would make key intermolecular contacts to conserved bases in the 5Ј-TGAA core sequence found in each DNA half-site (30) .
To test this, we purified Ala substitution mutants of V42, Q53, S54, S57, and H58 and measured their CzrO DNA binding affinities (K a ) using the same 28-bp DNA used for the NMR experiments (Fig. 4B, Table 1, and Fig. S7 ). Control experiments reveal that each mutant CzrA binds stoichiometric Co(II) which confirms the homodimeric structural integrity of each mutant (Fig. S7A) . Using a simple dimer linkage model (K dimer ϭ 1.7 ϫ 10 5 M Ϫ1 ) (31), we find that K a is reduced approximately 11-fold for Q53A and 160-fold for V42A CzrAs (Fig. 4B) . Although the Q53A mutant suggests a relatively local modulation of the binding interface due to a loss of a potential hydrogen-bonding residue (Q53), the V42A mutant reveals a stronger disruption of the interface. Finally, the S54A, S57A, H58A, and S57A/H58A CzrAs bind operator DNA with a very low affinity similar to that of the fully inhibited Zn(II) CzrA (Fig. S7B and Table 1 ) (9) . These data likely define the protein-DNA interface for all ␣5-site ArsR-family repressors, and are fully consistent with a proposed model of the protein-DNA interface (Fig. S6) .
Discussion
The molecular basis that underlies transcriptional regulation by bacterial metal-sensing repressors requires a detailed understanding of the structure and dynamics of all relevant ligandbound and unligated states (3). We have focused much of our efforts on the Zn(II)/Co(II) sensor S. aureus CzrA as a paradigm system for understanding allosteric regulation of ArsR/SmtB family repressors by metal ions (10) . Previous work with CzrA and the homologous Zn(II) sensor from Synechococcus, SmtB, has investigated in detail the free repressor dimer (denoted P) and the allosterically inhibited metal-bound form (P⅐Zn 2 ) (8, 9, 20, 31) . Here, we present the solution structure of the DNA operator-bound form of S. aureus CzrA and define key determinants of the protein-DNA interface.
The global quaternary structure of DNA-bound CzrA differs dramatically from the apo-and Zn 2 CzrA states primarily due to a marked pendulum-like rotation and translation of one protomer relative to the other, ultimately leading to a significantly compacted structure. The binding of Zn(II) to the distal ␣5 sensing sites then drives open the structure of the homodimer. As a result, metal binding drives the DNA-bound CzrA off the operator while inhibiting subsequent binding of Zn(II)-bound CzrA to the DNA, with both scenarios leading to reduced operator-promoter occupancy and transcriptional derepression in vivo (Fig. S5 ) These quaternary structural transitions may be facilitated by the relatively weak dimer interface (31) , which would allow the protomers to readily reorient themselves to maximize the complementarity of the protein-ligand [Zn(II) or DNA] interface in each conformational allosteric ''end'' state, P⅐D and P⅐Zn 2 .
Although intermolecular contacts between the ␣R helix and the DNA major groove were anticipated, the finding that the side chain of Val-42 in the ␣3 helix makes an energetically important contact with the DNA immediately suggests a structural rationale for how the DNA binding affinity of members of another subclass of ArsR/SmtB sensors, the ␣3N family (10), are allosterically inhibited by metal binding. ␣3N sensors employ two cysteine residues in an invariant CVC sequence to coordinate the metal, with the intervening Val corresponding precisely to Val-42 in CzrA (Fig. S6) (32-34) . Thus, if the protein-DNA interfaces for all ArsR/SmtB sensors that recognize the identical or similar operator sequence (Fig. S6) are similar, metal binding here would be expected to drive the Val side chain off the DNA and thus significantly decrease the affinity of ␣3N sensors for their cognate operators. Such an observation would represent structural support for the idea that homologous proteins are capable of evolving distinct pathways of heterotropic allosteric control (13) .
Knowledge of the structure of the CzrA-DNA operator complex also helps us to understand the origins of the differing magnitudes of the allosteric coupling free energy (⌬G c ) of ArsR repressors that harbor distinct metal sensing sites (20, 34) . A superposition of the structure of the apo-form of S. aureus pI258 CadC, an ␣3N metal sensor (35) with DNA-bound CzrA is striking in that the distance between the ␣R recognition helices within the dimer in apo CadC more similar to the DNA-bound form of CzrA than either apo-CzrA or apo-SmtB (Fig. 5A ). CadC possesses a unique N-terminal ␣-helix (denoted ␣0 in Fig.  5A ) which forms a significant part of the dimer interface in apo-CadC (35) . If this ␣0-mediated interprotomer interaction Table 1 .
also characterizes the DNA-bound conformation of CadC, we would hypothesize that metal binding simply ''locks'' the allosterically inhibited structure in place, that is, Cd(II) does not necessarily induce a large conformational change in the dimer. This hypothesis is consistent with the 1 H-15 N TROSY spectra of apo and cad operator DNA-bound C10G CadC from L. monocytogenes (32) (Fig. 5B) . The amide cross peaks in the downfield region of the spectrum in unbound apo-CadC are indicative of a more closed or compacted conformation. When CadC binds to the DNA operator, the overall trajectory of the movement of these cross peaks is analogous to DNA-bound CzrA; however, the magnitude of the chemical shift perturbation of individual residues, as well as the fraction of residues that are strongly perturbed on binding DNA, appear much smaller (36) . These spectra suggest that the quaternary structural change that occurs when CadC binds DNA may well be smaller than in the ␣5-site sensor CzrA, which in turn may translate into an experimentally observed smaller (less positive) ⌬G c (2, 32) .
Finally, the large structural change induced in DNA-bound CzrA when the ␣5 sensing sites are filled appears buttressed by a long-range dynamical communication that energetically couples the two ligand binding sites, albeit in largely opposite directions. Operator DNA-bound CzrA is characterized by detectably enhanced f lexibility in the allosteric sites; in contrast, the opposite region of the molecule that makes direct protein-DNA contacts experiences detectably reduced mobility in the inhibited Zn 2 form of CzrA (8) . We propose that this reciprocal linkage of the opposite ligand binding site is mutually reinforcing and shifts this coupled equilibrium among P, P⅐D, P⅐Zn 2 and P⅐Zn 2 ⅐D in a coherent way. Additional dynamics and thermodynamic studies will be required to elucidate the degree to which disorder in the ␣5 helical region persists in the ternary Zn 2 -CzrA-DNA intermediate or contributes to the large ⌬G c in this system. In any case, our findings are collectively consistent with the idea that residue-specific high frequency, low amplitude motions can be coincident with slower time scale, larger amplitude motions and may in fact represent a primary contributor for reciprocal allosteric effects in proteins (23) .
Methods
Protein Production. Recombinant CzrA was expressed in E. coli BL21(DE3) cells at 37°C and purified as described previously (31) .) were added to the culture 1 h before induction of protein expression with IPTG (at an A600 of ϳ0.6) (36). A 28-bp self-complimentary oligonucleotide (IDT) containing the conserved 12-2-12 inverted repeat (italicized), 5Ј-TAACATATGAA-CATATGTTCATATGTTA Ϫ3Ј was purified under denaturing conditions on Ä kta 10 purifier using Source 15Q column (GE Healthcare Life Sciences), the strands annealed and the duplex DNA further purified using the same column run under native conditions. The CzrA-DNA complex was reconstituted by diluting the DNA into a stock solution of CzrA. The final NMR samples were 1-2 mM (in CzrA dimer) after exchanging into 10 mM Mes-d 13 containing 50 mM NaCl, 0.02% NaN 3, and 7% D2O at pH 6.0.
NMR Experiments and Structure
Calculations. All NMR spectra were collected at 40°C on Varian Inova spectrometers operating at a 1 H frequency of 600 MHz, 800 MHz, and 900 MHz. The spectrometers were equipped with a x-zgradient triple resonance probes or z-gradient triple resonance cryoprobe. NMR Spectra were processed using NMRPipe/nmrDraw suite and analyzed using Sparky (37) . Backbone and stereospecific methyl side chain resonance assignments were carried out as reported elsewhere (36) . Backbone torsional angles (/) were derived from backbone 1 H, 15 N, and 13 C chemical shifts using the program TALOS (38) . Distance constraints for both intramolecular and intersubunit contacts were derived from 3D 13 C/ 13 C-separated methyl NOE and TROSY-version of the 3D 15 N-separated NOE experiment. Backbone amide residual dipolar couplings, 1 DNH, were obtained from the difference in the scalar coupling ( 1 J) measured in 15 mg/ml phage Pf1 and isotropic media using a three-dimensional HNCO-based experiment (39). 1 DNH couplings for the Zn(II)-loaded CzrA were obtained in the same manner except that the samples were aligned in stretched polyacrylamide gels (6%) and splittings measured using 2D IPAP-HSQC spectroscopy (40) . NMR structural constraints for structure calculations were obtained from NOE-derived distances (NH-NH, Me-NH, Me-Me), backbone torsional angles from TALOS and one-bond residual dipolar couplings as long-range orientational constraints (Table S2 ). Other details of the structure calculations are described in SI Materials and Methods. Twenty lowest-energy structures were used to represent the final structure bundle of CzrO-bound apo-CzrA and analyzed using PROCHECK and WHATIF (Table S2 ). The solution structure of methyl-labeled Zn 2 CzrA was calculated in exactly the same way (Table S1 ). Structure figures were generated using Molmol and Pymol (41) . Resonance assignments for the DNA-bound, Zn(II)-bound and apo-CzrA have been deposited in the BioMagResBank (36) with the structure bundle and mean average solution structures of Zn 2 CzrA and the CzrA-DNA complex deposited in the Protein Data Bank under accession codes 2KJC and 2KJB, respectively.
NMR Relaxation and H-D Exchange Experiments.
Backbone amide relaxation experiments ( 15 N R1, R2 and 1 H-15 N steady-state heteronuclear NOE) were performed at 600 MHz using standard pulse sequences for the DNA-bound, Zn(II), and apo states of CzrA and analyzed as described in SI Materials and Methods. H-D exchange experiments were initiated by adding D 2O to a dried sample of DNA-bound CzrA and recording 1 H-15 N TROSY spectrum every 45 min, with the exchange kinetics followed for several weeks. Amide proton exchange rates for apo-and Zn 2 CzrA acquired under identical conditions were taken from Eicken et al. (8) .
Fluorescence Anisotropy DNA-Binding Experiments. Fluorescence anisotropy experiments were carried out on a PC1 spectrofluorometer as described previously (9) 
